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TET dioxygenases successively oxidize 5-methylcy-
tosine (5mC) in mammalian genomes to 5-hydroxy-
methylcytosine (5hmC), 5-formylcytosine (5fC), and
5-carboxylcytosine (5caC). 5fC/5caC can be excised
and repaired to regenerate unmodified cytosines by
thymine-DNA glycosylase (TDG) and base excision
repair (BER) pathway, but it is unclear to what extent
and at which part of the genome this active demethy-
lation process takes place. Here, we have generated
genome-wide distribution maps of 5hmC/5fC/5caC
using modification-specific antibodies in wild-type
and Tdg-deficient mouse embryonic stem cells
(ESCs). In wild-typemouse ESCs, 5fC/5caC accumu-
lates to detectable levels at major satellite repeats
but not at nonrepetitive loci. In contrast, Tdg deple-
tion in mouse ESCs causes marked accumulation
of 5fC and 5caC at a large number of proximal and
distal gene regulatory elements. Thus, these results
reveal the genome-wide view of iterative 5mC oxida-
tion dynamics and indicate that TET/TDG-dependent
active DNA demethylation process occurs exten-
sively in the mammalian genome.
INTRODUCTION
Epigenetic modifications of DNA and histones play essential
roles in regulating gene expression in development and diseases
(Goldberg et al., 2007; Jaenisch and Bird, 2003; Sasaki andMat-
sui, 2008). The predominant epigenetic modification of DNA is
methylation at the fifth position of cytosine (5mC), which is indis-
pensable for normal mammalian embryogenesis and is impli-
cated in a variety of human diseases (Baylin and Jones, 2011;
Cedar and Bergman, 2012). The DNA methylation pattern is es-692 Cell 153, 692–706, April 25, 2013 ª2013 Elsevier Inc.tablished and maintained by DNA methyltransferases (DNMTs)
and is relatively stable in somatic tissues (Bird, 2002; Jones,
2012). 5mC can be successively oxidized to 5-hydroxymethylcy-
tosine (5hmC), 5-formylcytosine (5fC), and 5-carboxylcytosine
(5caC) by the Ten eleven translocation (TET/Tet) family of Fe(II)
and 2-oxoglutarate-dependent DNA dioxygenases (He et al.,
2011; Ito et al., 2010; Ito et al., 2011; Tahiliani et al., 2009) (Fig-
ure S1A available online). Different Tet enzymes (Tet1–3) exhibit
distinct expression patterns in vivo and functional analyses of
Tet-deficient mice indicate that they play important roles in
diverse biological processes, including zygotic epigenetic re-
programming, germ cell development, pluripotent stem cell dif-
ferentiation, and myelopoiesis (Cimmino et al., 2011; Dawlaty
et al., 2013; Dawlaty et al., 2011; Gu et al., 2011; Koh et al.,
2011; Marcucci et al., 2010; Wu and Zhang, 2011a; Yamaguchi
et al., 2012).
The study of biological roles of Tet enzymes has been facili-
tated by the development of methods to specifically enrich or
label 5hmC, a relatively abundant 5mC oxidation derivative de-
tected in many tissues (Globisch et al., 2010; Kriaucionis and
Heintz, 2009; Mu¨nzel et al., 2010). Immunostaining with anti-
bodies specific for 5hmC reveals that global erasure of
paternal DNA methylation is first initiated by Tet3-mediated con-
version of 5mC to 5hmC in the male pronucleus, followed by
replication-dependent passive loss of 5hmC during preimplanta-
tion development (Gu et al., 2011; Inoue and Zhang, 2011; Iqbal
et al., 2011; Wossidlo et al., 2011). Similar analysis also suggests
a role of Tet1-mediated 5mC oxidation in epigenetic reprogram-
ming during development of primordial germ cells (PGCs) and
regulation of parental-origin-specific imprinting (Dawlaty et al.,
2013; Hackett et al., 2013; Seisenberger et al., 2012; Yamaguchi
et al., 2013; Yamaguchi et al., 2012). Genome-wide 5hmC map-
ping studies of pluripotent stem cells and differentiated tissues
using affinity enrichment-based methods or modified bisulphite
sequencing (BS-seq) indicate that 5hmC is enriched in highly
transcribed gene bodies, as well as polycomb repression
complex bound promoters and distal cis-regulatory elements
(Booth et al., 2012; Ficz et al., 2011; Melle´n et al., 2012; Pastor
et al., 2011; Song et al., 2011; Stroud et al., 2011; Szulwach
et al., 2011a; Szulwach et al., 2011b; Williams et al., 2011;
Wu et al., 2011a; Wu and Zhang, 2011b; Xu et al., 2011; Yu
et al., 2012). Together, these studies not only confirm a functional
role of Tet-mediated 5mC oxidation in regulating global DNA
demethylation dynamics during specific embryonic stages
(one-cell zygotes and developing PGCs) but also suggest that
Tet-initiated DNA demethylation process may be more prevalent
in the genome than previously anticipated.
In vitro biochemical studies show that DNA repair enzyme
thymine-DNA glycosylase (TDG) can excise 5fC and 5caC to
generate abasic sites (He et al., 2011; Maiti and Drohat, 2011;
Nabel et al., 2012), which are repaired by base excision repair
(BER) pathway. These observations suggest amechanistic para-
digm of active DNA demethylation in which Tet proteins first
successively oxidize 5mC to 5hmC/5fC/5caC and TDG/BER
pathways then excise 5fC/5caC and regenerate unmodified cy-
tosines (Figure S1A). The demonstration that genetic inactivation
of Tdg in mice causes embryonic lethality (Corta´zar et al., 2011;
Cortellino et al., 2011), raises the possibility that TET/TDG-medi-
ated active DNA demethylation process may be widespread in
mammalian genomes and play an essential role in develop-
mental gene regulation. However, it is currently unclear to what
extent and at which part of the genome TDG-dependent 5fC/
5caC excision followed by BER contributes to dynamic changes
of DNA methylation patterns in vivo.
To directly address this question, we generated genome-
wide maps of 5mC and its oxidation derivatives (5hmC/5fC/
5caC) in wild-type and Tdg-deficient mouse embryonic stem
cells (ESCs). We reasoned that depletion of Tdg would block
the DNA methylation/demethylation cycle and cause accumula-
tion of 5fC and 5caC, which can mark genomic loci actively un-
dergoing TET/TDG-dependent 5mC oxidation dynamics. Our
results reveal that TET/TDG-mediated cyclic changes of cyto-
sine modification states occurs at a large cohort of gene regu-
latory regions and suggest that active DNA demethylation takes
place more extensively than previously thought in mammalian
cells.
RESULTS
Enrichment of 5fC and 5caC from Genomic DNA by
Cytosine Modification-Specific Antibodies
Genome-wide distribution of 5mC and 5hmC can be deter-
mined by affinity enrichment or bisulfite conversion-based
methods (Song et al., 2012). However, reliable methods are
yet to be developed to specifically enrich or label 5fC and
5caC for genome-wide mapping analysis. Antibody-based
DNA immunoprecipitation followed by high throughput
sequencing (DIP-seq) represents a simple and effective
approach for profiling cytosine modifications (especially suit-
able for detecting regions with multiple modified bases) if a
highly specific antibody is available. A strategy for chemical la-
beling of 5fC with aldehyde-reactive probe (ARP) has previously
been suggested (Pfaffeneder et al., 2011), but this approach
may also label abasic sites, which are an intermediate product
of endogenous DNA repair process and one of the most preva-lent lesions in DNA (Nakamura et al., 1998). Thus, proper
controls or chemical blocking reactions need to be developed
to allow ARP-based chemical-labeling methods to distinguish
5fC from abasic sites (Raiber et al., 2012). More recently, modi-
fied BS-seq strategies have been developed to map 5hmC
distribution at single-nucleotide resolution (Booth et al., 2012;
Yu et al., 2012). However, current base-resolution mapping
methods are not compatible for detecting 5fC/5caC and require
substantially deeper sequencing depth to reliably detect 5hmC
marks (Yu et al., 2012). Given that 5fC/5caC is present in the
genome at much lower levels compared to 5hmC, it will be chal-
lenging to map 5fC/5caC at a genome-wide scale and at base-
resolution.
To better compare various approaches and identify effective
methods for genome-wide mapping of 5fC/5caC, we first per-
formed in-depth analysis comparing genome-wide 5hmC map-
ping results from antibody- or chemical-labeling-based (e.g.,
GLIB [glucosylation, periodate oxidation and biotinylation])
methods with the base-resolution 5hmC map in mouse ESCs
(Pastor et al., 2011; Yu et al., 2012). Among 2.06 million high-
confidence 5hmC marks of the base-resolution map, 21.3%
(0.44 million) of them are sparsely distributed (single 5hmC
mark withinR 1 kb). This analysis revealed that the performance
of the 5hmC antibody-based method was similar to that of the
chemical-labeling method (GLIB) in terms of pulling down both
clustered (48.1% for 5hmC antibody and 43.1% for GLIB) and
sparsely distributed (6.4% for 5hmC antibody versus 5.3% for
GLIB) 5hmC marks from in vivo genomic DNA (Figures S1B–
S1D). Thus, we focused our efforts on the antibody-based DIP
method for detecting 5fC/5caC. The 5fC- and 5caC-specific an-
tibodies were previously used to examine global levels of 5fC/
5caC by immunostaining (Inoue et al., 2011). After further confir-
mation of their specificity by dot blot analysis (Figure 1A), we
tested their utility in DIP assays. This analysis indicated that
these antibodies could pull-down 5fC- or 5caC-containing oligo-
nucleotides specifically and efficiently, suggesting that they are
suitable for DIP assays (Figure 1B).
Quantitative mass spectrometry analysis indicates that 5fC
and 5caC levels are approximately 2% or 0.5%, respectively,
of the total level of 5hmC in wild-type mouse ESCs (Ito et al.,
2011). Given that mouse ESCs possess high levels of Tet enzy-
matic activities, the relatively low abundance of 5fC/5caC sug-
gests that 5fC and 5caC marks may be rapidly removed by
TDG in vivo (He et al., 2011; Maiti and Drohat, 2011; Nabel
et al., 2012). Thus, blocking TDG activity may result in accumu-
lation of 5fC and 5caC, which allows the identification of
genomic loci targeted by TDG activity. To test this possibility,
we generated Tdg-deficient mouse ESCs by lentivirus-mediated
knockdown (Figure 1C). Mass spectrometry analysis demon-
strated that global levels of 5fC and 5caC increased by 5.6-
fold and 8.4-fold, respectively, in response to Tdg knockdown
(Figure 1D). In contrast, neither 5mC nor 5hmC showed signifi-
cant change upon Tdg knockdown (Figure 1D). Consistent
with previous results demonstrating that Tdg is not required for
mouse ESC maintenance (Corta´zar et al., 2011), neither the
morphology nor the expression levels of pluripotent genes
(Oct4, Sox2, and Nanog) or Tet genes were altered by Tdg
knockdown (Figure S2).Cell 153, 692–706, April 25, 2013 ª2013 Elsevier Inc. 693
Figure 1. Enrichment of 5fC and 5caC from Genomic DNA by Modification-Specific Antibodies
(A) The 5fC and 5caC antibodies specifically recognize 5fC and 5caC-containing DNA oligos in dot blot assays, respectively. Different amounts of 38-mer DNA
oligonucleotides (oligos), where the cytosines in 9 CpGs are either C, 5mC, 5hmC, 5fC, or 5caC, were spotted on membrane and probed with 5fC or 5caC
antibodies.
(B) DIP-qPCR analysis demonstrates the specificity of the antibodies.
(C) RT-qPCR analysis of Tdg expression levels in control (shCtrl) and Tdg-deficient (shTdg) mouse ESCs.
(D) Mass spectrometric quantification of 5mC, 5hmC, 5fC, and 5caC in control and Tdg-deficient mouse ESCs.
(E) DIP-qPCR analysis of 5hmC/5fC/5caC at three 5hmC-enriched regions. Data are presented as mean ± SEM.
See also Figures S1 and S2.We next tested 5fC and 5caC antibodies in immunoprecipitat-
ing genomic DNA fragments at three Tet1-bound and 5hmC-en-
riched regions (Tcl1, Sox17, and Esrrb) (Wu et al., 2011a; Wu
et al., 2011b). Consistent with the fact that TDG does not excise
5hmC, 5hmC levels at these loci were not affected by Tdg knock-
down (Figure 1E). In contrast, 5fC and 5caC levels at these loci
were significantly increased in Tdg-deficient cells (Figure 1E).
Given that significant 5fC- and 5caC-DIP signals are only de-
tected in Tdg knockdown ESCs, we conclude that 5fC and
5caC antibodies are highly specific and are potentially suitable
for genome-wide 5fC/5caC-DIP analysis.
Preferential Enrichment of 5fC/5caC at Pericentric
Heterochromatin in Mouse ESCs
To determine genome-wide distribution of 5fC/5caC, we per-
formed 5fC and 5caC DIP-seq experiments in replicates using
genomic DNA of wild-type and Tdg-deficient mouse ESCs (Fig-
ure S1E and Table S1). We also performed 5mC, 5hmC, and
mock IgG DIP-seq experiments using the same batches of
genomic DNA (Figure S1E). Sequencing reads mapped to multi-
ple genomic regions (multihit reads) generally represent repeti-694 Cell 153, 692–706, April 25, 2013 ª2013 Elsevier Inc.tive sequences in the genome. Indeed, 89%–98% of multihit
reads were found to be overlapped with the UCSC Repeat-
Masker (RMSK) track (Dreszer et al., 2012), whereas only
20%–31% of the uniquely mapped reads overlapped with
RMSK (Figure 2A). To evaluate the potential enrichment of 5fC/
5caC at repeats, multihit reads were retained in the initial anal-
ysis. In wild-type mouse ESCs, 48% 5fC reads and 41% 5caC
reads are multihit reads, which are higher percentages than
that of 5hmC (25%) but lower than that of 5mC (70%). Thus,
these results not only confirm that 5mC and 5hmC are relatively
enriched and depleted from repetitive sequences, respectively
(Ficz et al., 2011; Williams et al., 2011; Yoder et al., 1997), but
also suggest that 5fC and 5caC may accumulate to detectable
levels at repetitive sequences in wild-type mouse ESCs.
To determine the types of repeats at which 5fC and 5caC are
relatively enriched, we classified all sequencing reads on the ba-
sis of RMSK annotation and calculated the number of reads in
each repeat class. After correcting the relative percentage of
various classes of repeats, 5mC, 5fC, and, to a lesser extent,
5caC are found to be preferentially enriched at major satellite re-
peats, whereas 5hmC tends to accumulate at short interspersed
Figure 2. Preferential Accumulation of 5fC and 5caC at Major Satellite Repeats in Wild-Type Mouse ESCs
(A) Percentages of uniquely mapped and multihit reads in total mapped reads. Reads that overlap with the UCSC RepeatMasker (RMSK) track are highlighted by
forward slash.
(B) Relative enrichment (log2 ratio of IP over input) for each cytosine modification at major classes of repetitive sequences in mouse ESCs. Values represent
means of two biological replicates with ends of error bars corresponding to individual data points.
(C and D) Representative images of mouse ESC surface spreads costained with 5fC and 5mC antibodies. The same exposure time was used for comparing
control (shCtrl) and Tet1 knockdown (shTet1) mouse ESCs in (D). Scale bar, 100 mm.
(E) Bar graph presentation of the fold change of the enrichment in each class of repetitive sequences upon Tdg knockdown.
See also Table S1.nuclear elements (SINEs) and long-terminal repeats (LTRs) (Fig-
ures 2B). Furthermore, costaining of surface spreads of mouse
ESCs with 5fC and 5mC antibodies revealed significant overlap
of 5fC signals with 5mC (Figure 2C), which is known to be
enriched at pericentric heterochromatin (i.e., major satellite re-
peats). Immunostaining analysis further showed marked reduc-
tion of 5fC signals in the Tet1 knockdown cells (Figure 2D),
validating the specificity of 5fC signals at pericentric regions.
Tdg knockdown does not significantly alter the relative enrich-
ment ratio of 5fC at major satellite repeats, but it significantly
reduced that of 5caC at the major satellite repeats (Figure 2E),
probably due to the increase of 5caC at other genomic regions.
Collectively, these results indicate that 5fC (and to a lesser extent
5caC) tends to accumulate at major satellite repeats in wild-type
mouse ESC, and TDG may not efficiently excise 5fC/5caC at
pericentric heterochromatin.Tdg-Depletion Induces Accumulation of 5fC and 5caC in
Nonrepetitive Regions
To further investigate Tdg-deficiency-induced changes of 5fC/
5caC signals at nonrepetitive regions, we analyzed uniquely
mapped reads. To identify genomic loci enriched for high-confi-
dence 5fC/5caC signals, we first identified peak candidates
using input genomic DNA as a negative control and then quanti-
tatively filtered out peaks with relatively high levels of signals in
IgG controls. In wild-type mouse ESCs, we identified 1,673 re-
gions enriched for 5caC (Figure 3A and Table S2). Upon Tdg
knockdown, a marked increase in the number of 5caC peaks
(n = 89,503) was observed (Figures 3A and 3B and Table S3).
Many newly appeared 5caC peaks colocalize with 5hmC peaks,
which are largely unaffected by Tdg knockdown (Figure 3A and
3B). Tdg depletion also leads to a less pronounced increase in
the number of 5fC peaks (Figure 3A and 3B and Tables S4 andCell 153, 692–706, April 25, 2013 ª2013 Elsevier Inc. 695
Figure 3. Accumulation of 5fC and 5caC in Nonrepetitive Regions in Tdg-Deficient Mouse ESCs
(A) Venn diagrams showing the overlap of 5hmC, 5fC, or 5caC peaks in control and Tdg-deficient mouse ESCs.
(B) Representative genomic loci (Hoxa1 and Hoxa2) showing 5hmC/5fC/5caC peaks in control and Tdg-deficient mouse ESCs.
(C) Pie chart presentation of the overall genomic distribution of 5hmC/5fC/5caC-enriched regions.
(D) Enrichment (log2 ratios of observed over random) of 5hmC/5fC/5caC in control and Tdg-deficient cells at various genomic features. Values representmeans of
two biological replicates with ends of error bars corresponding to individual data points.
See also Figures S1 and S3 and Tables S2, S3, S4, and S5.
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S5). Notably, significantly more 5fC peaks (n = 24,482) are de-
tected in wild-type mouse ESCs relative to 5caC peaks (n =
1,673) (Figure 3A), which is consistent with previous findings
that 5fC is more abundant than 5caC in mouse ESCs (Ito et al.,
2011; Pfaffeneder et al., 2011). Importantly, the observation
that a large number of 5fC/5caC peaks are specifically detected
in Tdg-knockdown cells further validates the specificity of the
5fC/5caC DIP-seq method.
Next, we sought to determine where ectopic 5fC and 5caC
peaks are preferentially located in the genome. Compared to
random control regions, the relative percentage of 5fC and
5caC peaks in genic regions (promoters, group 1; introns, group
3; and exons, group 4 in Figure 3C) is increased in Tdg-deficient
cells compared to that in control cells (Figures 3D and S3A).
Moreover, 5fC and 5caC signals are increased preferentially
within exons (solid lines in Figure S3B) relative to introns (dash
lines in Figure S3B) in response to Tdg knockdown. This finding
is consistent with previous studies demonstrating the enrich-
ment of 5hmC at exon/intron boundaries (Khare et al., 2012),
suggesting that a potential role of TET/TDG-mediated genera-
tion and excision of 5fC/5caC in regulating transcriptional elon-
gation and/or splicing.
5fC and 5caC Exhibit Common and Unique Distributions
Both Tet1 and Tet2 are highly expressed in mouse ESCs (Ito
et al., 2010; Koh et al., 2011), and 5fC and 5caC levels are
significantly reduced upon Tet1 depletion (Ito et al., 2011). To
test whether Tet1 occupancy correlates with 5fC/5caC genera-
tion in vivo, we examined 5fC and 5caC signals at regions
enriched for Tet1. In Tdg-deficient cells, Tet1 bound regions
with medium-to-low CpG density are preferentially enriched
for 5fC and 5caC signals (Figure S3C). In contrast, Tet1 bound
regions with high CpG density tend to be depleted of 5fC/5caC
in both control and Tdg-deficient mouse ESCs (Figure S3C),
which is in agreement with the finding that CpG-rich regions
are generally depleted of 5mC and 5hmC (Szulwach et al.,
2011a; Wu et al., 2011a; Yu et al., 2012). Notably, in Tdg-defi-
cient mouse ESCs, 5fC peaks tend to colocalize with 5mC-en-
riched regions, while 5caC peaks preferentially overlap with
5hmC-enriched regions (Figures S3D and S3E). Thus, four
cytosine modifications have both common and unique dis-
tributions in the genome, suggesting that processivity of Tet
proteins may be regulated by local sequence context and/or
chromatin structure.
TDG-Mediated 5fC/5caC Excision Occurs Extensively at
Distal Regulatory Elements
Further analysis of 5fC and 5caC peaks in Tdg-deficient mouse
ESCs indicates that the majority of Tdg-depletion-induced
5caC peaks (76.3% of all 5caC peaks, n = 68,326) are located
outside promoter or exonic regions. To investigate whether
these distal regions are of functional relevance, we calculated
the sequence conservation scores within these ectopic 5fC/
5caC peaks. As expected, peaks overlapping with exons and
proximal promoters show strong evolutionary conservation (Fig-
ure S4A). Interestingly, sequences overlapping with Tdg-deple-
tion-induced nonexonic and nonpromoter 5caC peaks (to a
less extent for ectopic 5fC peaks) are also relatively conservedcompared to flanking regions (Figure 4A). Furthermore, 5caC
peaks in Tdg-deficient mouse ESCs frequently overlap with
low-methylated regions (LMRs) (Figure 4B), a unique group of
genomic regions that display features of distal regulatory regions
and are generally associated with intermediate (30%,
measured by BS-seq) DNA methylation level (Stadler et al.,
2011). These results suggest that both 5mC oxidation and 5fC/
5caC excision activity may be preferentially recruited to a large
cohort of distal regulatory elements.
To further characterize regions where TDG actively excises
5fC/5caC, we calculated the averaged signals of 5mC oxidation
derivatives within genomic features derived from published
genome-wide mapping data sets for a number of DNA-binding
factors and major histone modifications (Figure 4C and S4B).
This analysis indicates that in Tdg-deficient mouse ESCs,
5caC accumulates at binding sites of pluripotency transcription
factors (TFs) such as Oct4, Nanog, Sox2, and Esrrb (Figure 4C,
yellow color group) (Chen et al., 2008; Marson et al., 2008). For
instance, 5caC peaks in Tdg-deficient cells show a significant
overlap (observed/expected = 16.0, p < 2.2 3 1016, Fisher’s
exact test) with Oct4-binding regions (±100 bp flanking peak
summits) compared to that expected by chance. Ectopic 5caC
signals are also preferentially detected at peaks of factors
(e.g., p300) and histone marks (e.g., H3K4me1 and H3K27ac)
that are associated with active/poised enhancers (Figure 4C, yel-
low color group) (Creyghton et al., 2010; Shen et al., 2012).
Notably, the presence of Tdg-depletion-induced 5caC signals
at these distal elements is not simply due to a higher level of
5hmC because Smad1-binding sites are not enriched for high
levels of 5hmC but are frequently associated with ectopic
5caC signals (Figure 4C). Furthermore, ectopic 5caC signals
are frequently detected at binding sites of the cohesion complex
and mediator proteins, both of which are implicated in regulating
interactions between promoter and enhancers (Figure 4C, pink
color group) (Kagey et al., 2010). Many regions enriched for
repressor complexes (e.g., LSD1, Hdac1/2) that are involved in
decommissioning active ESC enhancers during differentiation
also frequently overlap with ectopic 5caC peaks (Figure 4C,
red color group) (Whyte et al., 2012). By contrast, regions asso-
ciated with basal transcriptional machineries (e.g., RNA Pol2,
TBP in green color group), insulators (CTCF in pink color group),
and topological domain boundaries (in pink color group) are not
enriched for ectopic 5caC peaks (Figure 4C) (Dixon et al., 2012;
Kagey et al., 2010; Rahl et al., 2010). For most features analyzed
in Figure 4C, distally located elements are preferentially associ-
ated with Tdg-depletion-induced 5fC/5caC signals relative to
proximally located ones (within ±1 kb regions flanking transcrip-
tional start sites [TSSs]) (Figures 4C and S4B), suggesting
that TET/TDG may be more active at or preferentially recruited
to regions outside proximal promoters. Taken together, these
results indicate that TET/TDG-mediated 5mC oxidation and
5fC/5caC excision actively occur at a large cohort of distal
cis-regulatory elements.
TDG-Mediated 5fC/5caC Excision Occurs Preferentially
at Active Enhancers in Mouse ESCs
To further analyze distal cis-elements targeted by TDG in mouse
ESCs, we calculated averaged signals of 5mC oxidationCell 153, 692–706, April 25, 2013 ª2013 Elsevier Inc. 697
Figure 4. Tdg-Depletion-Induced Ectopic 5fC and 5caC Accumulate at Distal Regulatory Regions
(A) Average conservation (phastCons) scores within regions flanking the center of 5mC/5hmC/5fC/5caC peaks (nonoverlapping with exons or promoters) in Tdg-
deficient mouse ESCs. The number of peaks that are located outside exons and proximal promoters (±1 kb flanking TSSs) for each cytosine modification is also
shown.
(B) Heatmaps of 5mC/5hmC/5fC/5caC levels (normalized read density) at LMRs identified inmouse ESCs. The heatmaps are ranked by themean of 5caC signals
in Tdg-deficient cells (top, highest; bottom, lowest).
(legend continued on next page)
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derivatives in wild-type and Tdg-deficient mouse ESCs at tissue-
specific enhancers identified by mouse ENCODE project (Shen
et al., 2012). Interestingly, enhancers that are specifically active
in mouse ESCs are associated with the highest level of ectopic
5caC signals (Figure 5A). These mouse ESC-specific enhancers
are also preferentially bound by Tet1 and overlapped with
DNase I hypersensitivity sites (Figure S5A), suggesting that
cytosines within or surrounding active enhancer regions tend
to undergo TET/TDG-mediated 5mC oxidation dynamics. Simi-
larly, mouse ESC-specific LMRs are associated with higher
levels of Tdg-depletion-induced 5fC/5caC signals than are
neural progenitor (NP)-specific LMRs (Stadler et al., 2011) (Fig-
ure S5B). In addition, analysis comparing binding sites of plurip-
otency TFs and neuronal TFs indicates that pluripotency
TF-bound regions in mouse ESCs are preferentially marked by
Tdg-depletion-induced 5fC/5caC signals (Kim et al., 2010;
Marson et al., 2008) (Figures 5B and S5C). As exemplified in Fig-
ures 5C and S5D, a large cohort of distal regions bound by plu-
ripotency TFs (Oct4/Sox2/Nanog) are associated with ectopic
5caC peaks in Tdg-deficient mouse ESCs regardless of the
presence of stable Tet1 occupancy. Together, these results
suggest that TET/TDG-mediated 5mC oxidation dynamics in
mouse ESCsmay contribute to the regulation of active enhancer
activity.
TDG-Mediated 5fC/5caC Excision Occurs Preferentially
at Transcriptionally Inactive Gene Promoters in Mouse
ESCs
Although only a small portion of ectopic 5fC/5caC peaks overlap
with proximal promoters, we frequently observed 5caC accumu-
lation at regions flanking gene promoters or 30 gene bodies of
transcribed genes in Tdg-deficient mouse ESCs. Previous
studies suggest that distinct genic regions are associated with
specific histone lysine methylation patterns (Barski et al., 2007;
Bernstein et al., 2006; Mikkelsen et al., 2007; Whyte et al.,
2012), which may in turn contribute to regulation of gene expres-
sion (Figure S6A).
To explore the possibility that distinct chromatin states may
influence the generation and excision of 5fC/5caC by TET/
TDG, we compared average signal profiles of 5mC/5hmC/5fC/
5caC at four groups of extended gene promoters (±5 kb relative
to TSSs): (1) ‘‘Active,’’ characterized by the presence of high
levels of H3K4me3 (active histone mark) at proximal promoters
and H3K79me2/3 (indicative of elongation) at 50 of gene bodies;
(2) ‘‘Initiated,’’ only associated with promoter H3K4me3; (3)
‘‘Bivalent,’’ associated with both H3K27me3 (repressive histone
mark) and medium-to-low levels of promoter H3K4me3; (4) ‘‘Si-
lent,’’ lack of promoter H3K4me3. This analysis revealed that
5fC/5caC levels are largely comparable between control and
Tdg-deficient mouse ESCs at gene promoters that are associ-
ated with active transcription (green in Figure 6A, exemplified
by Rest in Figure 6B and P2 promoter of Dnmt1 in Figure S6B)(C) Heatmaps of 5hmC and 5caC levels (normalized read density) in control and T
for transcriptional regulators, histone modifications, pluripotency transcription fa
mouse ESCs). The difference in 5hmC and 5caC levels between control and Tdg-
with ±1 kb flanking TSSs), and distal features.
See also Figure S4.or transcription initiation (gray in Figure 6A). These observations
suggest that TET/TDG-mediated 5mC oxidation dynamics is
generally absent at these transcriptionally active/permissive
promoters. By contrast, a substantial increase of 5fC/5cac
levels was detected at genomic regions flanking bivalent pro-
moters in the absence of Tdg (exemplified by Tbx5 in Figure 6B
and HoxA cluster in Figure S6B). Considering that 5hmC is also
enriched at bivalent domains (Figure 6A), these results suggest
that bivalent domains are targeted by relatively high levels of
TET/TDG activities in mouse ESCs. Silent promoters (blue in
Figure 6A) were also associated with relatively high levels of
ectopic 5fC/5caC signals (exemplified by Spink2 in Figure 6B
and P1 promoter of Dnmt1 in Figure S6B). Because 5mC is
also enriched at silent gene promoters (Figure 6A), it seems
that silent gene promoters in mouse ESCs are simultaneously
targeted by activities of DNMT/TET/TDG. Collectively, these re-
sults indicate that transcriptionally inactive (silent or bivalent/
poised) gene promoters are preferentially regulated by TET/
TDG activity and tend to undergo active DNA demethylation in
mouse ESCs.
H3K27me3 within bivalent domains are deposited by poly-
comb repression complex 2 (PRC2) (Cao et al., 2002), and
PRC2 binding to chromatin is antagonized by the presence of
5mC (Bartke et al., 2010; Wu et al., 2010). To further evaluate
the relationship between PRC2 binding and TET/TDG-mediated
5mC oxidation dynamics, we examined ectopic 5fC/5caC
levels within regions enriched for two core PRC2 subunits,
Ezh2, and Suz12 (Ku et al., 2008). In Tdg-deficient cells, 5fC/
5caC accumulates to a significant level within Ezh2- and
Suz12-bound regions (Figures 6C, 6D and S6C), suggesting a
potential role of TET/TDG proteins in regulating PRC2 activity
or targeting.
TDG-Mediated 5fC/5caC Excision and Gene Expression
Next, we examined the relationship between 5fC and 5caC
distribution and the global gene expression profile. Using pub-
lished RNA-seq data sets of wild-type mouse ESCs (Ficz et al.,
2011), ectopic 5fC/5caC signals are found to be depleted in
the promoters of highly expressed genes but were relatively
enriched in the intragenic regions (especially 30 end) of highly
and moderately expressed genes (Figure 7A). In support of
the notion that silent or repressed/poised promoters tend to
be targeted by TET/TDG activity, promoters of genes with
low-to-medium expression levels are enriched for ectopic
5fC/5caC signals (Figure 7A and S7A). Thus, TET/TDG-depen-
dent cytosine modification dynamics may play a complex
role in transcriptional regulation, depending on their genomic
location.
To further study the potential role of cytosine modifica-
tion cycling in regulating gene expression, we performed
microarray analysis comparing gene expression in control
and Tdg-deficient mouse ESCs. Consistent with the grosslydg-deficient cells at centers of annotated genomic features or enriched regions
ctors (TFs), and distal regulatory regions (derived from published data sets in
deficient cells (shTdg minus shCtrl) is also shown for all, proximal (overlapping
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Figure 5. TET/TDG Activities Are Preferentially Recruited to Active Enhancers and Distal Pluripotency TF-Binding Sites in Mouse ESCs
(A) Heatmaps of 5mC/5hmC/5fC/5caC levels (normalized read density) in control and Tdg-deficient mouse ESCs at tissue-specific enhancers.
(B) Average 5mC/5hmC/5fC/5caC signals in control and Tdg-deficient mouse ESCs at the center of binding sites for pluripotency TFs (Oct4/Nanog/Sox2) and
neuronal TFs.
(C) Shown are 5mC/5hmC/5fC/5caC distributions in control and Tdg-deficient mouse ESCs at a representative locus (upstream of the Zfp281 gene) bound by
pluripotency TFs (Oct4/Nanog/Sox2). Other genomic features (e.g., DNase I hypersensitivity sites, H3K4me1-enriched regions, and enhancer-related epigenetic
regulator LSD1) are also shown. Fully methylated regions (FMRs, in black), lowmethylated regions (LMRs, in red), and unmethylated regions (UMRs, in gray) were
derived from previously published BS-seq data sets (Stadler et al., 2011).
See also Figure S5.normal phenotype of Tdg-deficient mouse ESCs (Figure S2),
gene expression changes upon Tdg knockdown are minor, with
only 99 genes showing relatively marked expression change700 Cell 153, 692–706, April 25, 2013 ª2013 Elsevier Inc.(p < 0.01 and fold change > 1.5). More genes (n = 1,192)
exhibited relatively subtle change in expression (p < 0.01) in
response to Tdg depletion (Figure 7B). We then compared
Figure 6. Tdg-Depletion-Induced 5fC/5caC Signals Are Enriched at Bivalent and Transcriptionally Silent Gene Promoters in Mouse ESCs
(A) Average 5mC/5hmC/5fC/5caC signals in control and Tdg-deficient mouse ESCs at TSSs of four groups of gene promoters that are associated with distinct
chromatin states (active, H3K4me3+/H3K79me2+; initiated, H3K4me3+ only; bivalent, H3K4me3+/H3K27me3+; silent, none).
(B) Shown are 5mC/5hmC/5fC/5caC distributions in control and Tdg-deficient mouse ESCs at representative loci that are associated with different histone
modification patterns. The gene promoters are highlighted by gray bars.
(C) Heatmaps of 5mC/5hmC/5fC/5caC levels (normalized read density) in control and Tdg-deficient mouse ESCs at centers of Ezh2-binding sites.
(D) Box-plots of normalized 5hmCand 5caC levels (read permillion reads and kilo bases [rpkm]) in control and Tdg-deficient cells within genomic regions enriched
for Tet1, Ezh2, Suz12 and H3K27me3. *p < 2.2 3 1016 (p values were calculated by two-tailed t test).
See also Figure S6.
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Figure 7. Complex Relationship between Gene Expression and TET/TDG-Mediated 5mC Oxidation Dynamics
(A) Average signals of 5hmC and 5caC within genes expressed at different levels in control (left) and Tdg-deficient (right) mouse ESCs.
(B) Scatter plots comparing gene expression profiles of control and Tdg-deficient mouse ESCs. Green and red dots indicate differentially expressed genes at p <
0.01 and p < 0.01, FC > 1.5, respectively.
(C) Average 5caC signals in control (left) and Tdg-deficient (right) mouse ESCs at the TSS of downregulated and upregulated genes (p < 0.01).
(D) Schematic diagram illustrating the relationship between transcriptional activity and DNMT/TET/TDG-mediated cytosinemodification cycling at promoters and
distal regulatory regions in mouse ESCs. Dynamic cyclic changes of cytosine modifications preferentially occur within bivalent and silent promoters, as well as
active enhancers and pluripotency TF-binding sites.
See also Figure S7.average signals for all cytosine modifications at the TSS of
upregulated (n = 413) and downregulated genes (n = 636).
This analysis indicated that 5fC/5caC signals at proximal
promoters of downregulated genes tend to increase more702 Cell 153, 692–706, April 25, 2013 ª2013 Elsevier Inc.dramatically when compared to those of upregulated genes
in response to Tdg depletion (Figures 7C and S7B), suggesting
a transcriptional inhibitory role of 5fC/5caC at proximal
promoters.
DISCUSSION
TET/TDG-Mediated 5mCRemoval Occurs Extensively in
the Mammalian Genome
In conjunction with DNMTs, the step-wise process of active
DNA demethylation entailed by TET/TDG/BER in principle per-
mits cyclic changes of modification state at all cytosine bases
(predominantly in the context of CpG) in the mammalian
genome. In contrast to the readily detectable 5hmC, 5fC and
5caC are present at much lower levels in mammalian cells.
Several nonmutually exclusive mechanisms may be respon-
sible for the observed scarcity of 5fC/5caC. First, oxidation of
5hmC to 5fC/5caC by TET proteins may be tightly regulated
and is less efficient compared to conversion of 5mC to
5hmC. Second, 5hmC can be passively removed by replica-
tion-dependent dilution in proliferating cells or converted to
other form of modifications (e.g., 5-hydroxymethyluracil or
direct conversion of 5hmC to C) before 5hmC is further
oxidized by Tet proteins (Chen et al., 2012; Guo et al., 2011; In-
oue and Zhang, 2011). Third, TDG-mediated excision of 5fC/
5caC is highly efficient, thus 5fC and 5caC are short-lived (Glo-
bisch et al., 2010; Ito et al., 2011). To better understand the
relative contribution of TET/TDG-mediated active demethyla-
tion pathway (5mC oxidation and excision of 5fC/5caC) to
DNA methylation dynamics, we applied antibody-based DIP-
seq analysis to mouse ESCs and generated genome-wide
maps of all 5mC oxidation derivatives. Comparative analysis
of 5hmC/5fC/5caC distributions in wild-type and Tdg-deficient
mouse ESCs has revealed that a large number of genomic loci
are targeted by TET/TDG activities, suggesting that relatively
large-scale 5mC oxidation dynamics may not be a unique
feature for developing zygotes and PGCs, but rather a preva-
lent event that may takes place in the genome of diverse cell
types. Because mouse ESCs are highly proliferative and
5hmC/5fC/5caC can also be removed by the replication-
dependent dilution mechanism, future studies of TET/TDG
activity in terminally differentiated and postmitotic cells will
facilitate understanding of the functional role of TET/TDG-
dependent active DNA demethylation pathway in gene regula-
tion and development.
Steady-State Accumulation of 5fC and 5caC at Specific
Class of Repetitive Sequences
We observed that, much like 5mC, on a population average,
5fC and 5caC (to a lesser extent) are relatively enriched at
repetitive sequences, particularly at major satellite repeats.
The accumulation of 5fC and potentially 5caC in major satellite
repeats can be explained, at least in part, by two nonmutually
exclusive mechanisms: (1) TET proteins tend to oxidize
their substrates with a higher processivity within major
satellite repeats due to the unique sequence context (e.g.,
CpG density), local chromatin states, or DNMT activity; and
(2) Tdg is less efficient in removing 5fC/5caC within major
satellite repeats (located in pericentric heterochromatin)
relative to other genomic regions. In support of the second
possibility, previous studies have shown that TDG is unable
to associate with heterochromatized promoters (Corta´zar
et al., 2011).TET/TDG-Mediated 5mC Oxidation Dynamics at
Bivalent and Transcriptionally Silent Gene Promoters
Tet1 tend to be enriched at CpG-rich gene promoters through its
CXXC domain (Tahiliani et al., 2009; Xu et al., 2011). However,
both affinity enrichment-based and base-resolution mapping
(e.g., TAB-seq) analyses of 5hmC distribution indicate that
5hmC tends to be enriched at promoters with medium-to-low
levels of CpG density but depleted from CpG-rich promoters
(Wu et al., 2011a; Yu et al., 2012). The discrepancy between
Tet1 occupancy and the 5hmC level suggests that at CpG-rich
promoters, either 5hmC is not efficiently generated by Tet1
due to lack of 5mC or 5hmC is rapidly oxidized to 5fC/5caC
followed by TDG-mediated 5fC/5caC excision. The fact that, in
Tdg-deficient cells, 5fC/5caC are not accumulated at CpG-
rich, actively transcribed gene promoters suggests that these
CpG-rich, Tet1-bound promoters are generally not associated
with the active demethylation process. In contrast, a marked in-
crease in 5fC/5caC levels is detected at Tet1-bound bivalent do-
mains flanking transcriptionally repressed/poised promoters
(Figure 7D, upper). These bivalent promoters generally encode
developmental regulators and lineage-specific transcription fac-
tors, suggesting that TET/TDG-mediated active demethylation
process may be required to maintain a transcriptionally poised
state at these promoters. Interestingly, previous studies have
suggested that bivalent promoters show a tendency of being
DNA methylated in cancer cells (Baylin and Jones, 2011), so
the dysregulation of active demethylation process in tumors
may contribute to the observed hypermethylation status at biva-
lent promoters.
TET/TDG-Mediated 5mC Oxidation Dynamics at Distal-
Regulatory Regions
The ability to determine the genome-wide distribution of all 5mC
oxidation derivatives offered a unique opportunity to assess the
TET/TDG-mediated 5mC oxidation dynamics at various
genomic features and regulatory elements. Unlike widespread
distribution of 5mC and 5hmC, 5fC and 5caC in wild-type mouse
ESCs are hardly detectable at nonrepetitive regions. Upon
depletion of Tdg, many ectopic 5fC and 5caC peaks appeared
at distal, but not proximal, regulatory elements. This observation
agrees with recent findings from base-resolution mapping of
5mC and 5hmC in the mouse ESCs (Stadler et al., 2011; Yu
et al., 2012) and suggests that TET/TDG-mediated active DNA
demethylation may occur extensively at a large cohort of distal
regulatory regions (Figure 7D, lower). Further studies are war-
ranted to elucidate the function of cyclic change of cytosine
modifications at distal regulatory elements. Moreover, devel-
oping base-resolution mapping methods of 5fC and 5caC (e.g.,
modified BS-seq strategies) is needed to overcome the resolu-
tion limit of affinity enrichment method used in the current study
andmay provide insights into themechanism by which TET/TDG
selectively regulate a subset of cytosines within or near distal cis-
regulatory elements.
In summary, we have developed an affinity enrichment-based
approach to determine genome-wide distribution of 5fC and
5caC and have generated 5fC and 5caC maps in both wild-
type and Tdg-deficient mouse ESCs. Analysis of these data
sets suggests that dynamic cytosine methylation/demethylationCell 153, 692–706, April 25, 2013 ª2013 Elsevier Inc. 703
cycle occurs at an unexpectedly large number of genomic loci
across the genome. Genome-widemapping of all 5mC oxidation
derivatives described in this study sets the stage to systemati-
cally study the function of DNA methylation and demethylation
dynamics in development and diseases.
EXPERIMENTAL PROCEDURES
Cell Culture and Lentiviral Knockdown of Tdg
Mouse ESCs (E14Tg2A) were cultured under feeder-free conditions. For Tdg
knockdown, mouse ESCs were infected with lentiviruses expressing both
the puromycin N-acetyl-tranferase and the short hairpin RNA (shRNA) target-
ing Tdg (50-GCAAGGATCTGTCTAGTAA-30). Infected cells were selected by
puromycin for 1 week before being harvested for further experiments. Detailed
procedures can be found in Extended Experimental Procedures.
5mC/5hmC/5fC/5caC DIP and High-Throughput Sequencing
Analysis
For genome-wide analysis of 5mC/5hmC/5fC/5caC distributions, 10 mg of
sonicated, adaptor-ligated genomic DNA from control or Tdg knockdown
mouse ESCs was used as input, and 5 ml of 5mC antibody (Eurogentec, BI-
MECY-0500), 5 ml of 5hmC antibody (Active Motif, 39791), 1 ml of 5fC anti-
serum, or 0.3 ml of 5caC antiserum was used to immunoprecipitate modified
DNA as previously described (Wu et al., 2011a). Immunoprecipitated DNA
was amplified for Illumina sequencing. Detailed DIP-seq procedures can be
found in Extended Experimental Procedures.
Repetitive Sequence Analysis and Identification of 5mC/5hmC/5fC/
5caC-Enriched Regions
All reads were aligned to the mouse genome (mm9) using bowtie (v0.12.7) to
determine the total numbers of unmapped, multihit, and uniquely mapped
reads. To determine which class of repetitive sequences these RMSK reads
overlap with, we first constructed separate Bowtie indices for each class of re-
petitive sequences based on RMSK annotation. Only reads that uniquely
belong to one class of repetitive sequences were counted. For identifying
genomic regions enriched for 5mC/5hmC/5fC/5caC signals, we adapted a
two-step computational procedure as previously described (Shen et al.,
2012). Briefly, we first identified peak candidates with MACS (v1.4.2) using
input as the control data set. Then, we quantitatively filtered out peak candi-
dates that have high signals in IgG mock DIP experiments. Detailed descrip-
tion of data analysis is presented in Extended Experimental Procedures.
RT-qPCR and Gene Expression Microarray Analysis
Purified total RNA was reverse transcribed and analyzed by quantitative PCR.
Primers for RT-qRCR are listed in Table S6. Transcriptome analysis was per-
formed with the Mouse Gene 1.0 ST Array (Affymetrix). Three biological
independent samples were analyzed for both control and Tdg-deficient mouse
ESCs. Detailed procedures of gene expression analysis can be found in
Extended Experimental Procedures.
ACCESSION NUMBERS
The DIP-seq and expression microarray datasets have been deposited in
Gene Expression Omnibus (GEO) under the accession number GSE42250.
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